ABSTRACT We describe a procedure for the introduction of Borrelia burgdorferi, the spirochetal agent of Lyme disease, into larvae of the tick vector Ixodes scapularis. Internalized spirochetes were observed in larvae examined after 15 or 45 min immersion at 32ЊC in liquid culture suspensions of low passage B. burgdorferi strain B31. Larval ticks immersed in low passage strain B31 were able to feed to repletion on white-footed mice. Midguts of larvae contained many spirochetes 1 wk postengorgement, while larvae incubated with high passage strain B31 were free of detectable spirochetes at the same interval. Larvae incubated with low passage strain B31 were competent to transmit the pathogen to mice, as shown by serology, reisolation of B. burgdorferi from mice, and xenodiagnosis. Ticks maintained the infection transstadially to the nymphal stage and transmitted the infection to naive mice, replicating an essential aspect of natural infection. This method requires no special equipment and allows artiÞcial infection of large numbers of ticks at the larval stage. It will facilitate studies of the contribution of speciÞc B. burgdorferi genetic loci to tick colonization.
IXODID TICKS ACT AS efÞcient vectors for Borrelia burgdorferi and other spirochetes of the Lyme disease group. They ingest blood from an infected vertebrate and transmit the pathogen to a new vertebrate host during the next blood meal (Donahue et al. 1987 ). This zoonotic cycle persists if one or more vertebrate species acts as host for both the larval and nymphal stages, because adult ticks seek larger mammals for their blood meal, and B. burgdorferi is rarely transmitted transovarially (Schoeler and Lane 1993) . The tick vector for B. burgdorferi in eastern North America is Ixodes scapularis (Say), which ingests spirochetes at the larval stage from infected rodents, such as the white-footed mouse Peromyscus leucopus. This results in a population of spirochetes in the midgut that increases during digestion of the blood meal and then declines during the molt to the nymphal stage , Piesman et al. 1990 . Upon feeding at the nymphal stage, spirochetes migrate to the salivary glands via the hemolymph (Piesman 1995) and are transmitted to the new vertebrate host with the saliva (Burgdorfer 1989, de Silva and . Survival in the tick digestive system, penetration of midgut and salivary gland tissues and migration to the feeding lesion in the vertebrate skin are necessary steps in the infectious cycle that are likely to require a series of specialized gene functions, as suggested by studies on B. burgdorferi differential gene expression (Akins et al. 1995 , Stevenson et al. 1995 , Suk et al. 1995 , Carroll et al. 1999 , Yang et al. 2000 , Gilmore et al. 2001 , Hubner et al. 2001 , Ohnishi et al. 2001 , Tilly et al. 2001 , Revel et al. 2002 .
The introduction of methods to produce and select clonal transformants of B. burgdorferi (Samuels et al. 1994 , Samuels 1995 , Rosa et al. 1996 will facilitate the construction of mutants to help deÞne genetic determinants of tick infection and transmission. The instability of the plasmid complement of the B. burgdorferi genome in culture (Schwan et al. 1988b , Elias et al. 2002 requires careful screening of spirochetes before and after transformation to ensure that these bacteria retain an infectious phenotype. As the methodology for production of these clones develops, we must devise ways of introducing them into the infectious cycle. Intradermal injection of B. burgdorferi into vertebrates provides an infection route that approximates the inoculum delivered by the tick vector (Barthold et al. 1991 , Pachner et al. 1992 . Other reports, however, show that administering B. burgdorferi to mice via tick bite results in a slower immune response, more efÞ-cient transmission to ticks, and more frequent recovery of the spirochete from skin biopsies (Piesman 1993, Shih and Liu 1996) . Both capillary (Indest et al. 2001 , Broadwater et al. 2002 , Fingerle et al. 2002 and mouse skin (Burkot et al. 2001 ) artiÞcial feeding result in B. burgdorferi infection of the ixodid tick vector, but these methods are labor intensive, technically de-manding, and generally applicable only to larger nymph and adult stages. Because transstadial passage of B. burgdorferi from the larval to the nymphal stage is an essential aspect of the natural transmission cycle, we sought a method to infect I. scapularis at the larval stage. Our approach was to Þrst determine if immersion of larvae in spirochete suspensions would result in internalization of B. burgdorferi. Secondly, we tested whether spirochetes could persist in the tick after engorgement on mice, and whether mice would acquire infection from larvae. Finally, engorged larval ticks would be allowed to molt and to feed on mice, to determine whether B. burgdorferi infection was maintained transstadially and could be transmitted to mice at the nymphal stage.
An infectious isolate of B. burgdorferi strain B31 (ATCC 35210) from I. scapularis that had fed on an infected mouse was cultured in BSK-II medium (Kelly 1971 , Stoenner et al. 1982 , Barbour 1984 , containing rifampin, phosphomycin, and fungizone (RPF) (Schwan et al. 1988a , Schwan et al. 1993 ). This tick isolate was designated zero passage (P0). Subsequent passages of this isolate and of high passage strain B31 (designated HP) were grown at 32ЊC in modiÞed KellyÕs medium, BSK-H, (Pollack et al. 1993 ) (SigmaÐ Aldrich, St. Louis, MO). Before addition to ticks, spirochete cell density was determined by darkÞeld microscope counts of calculated suspension volumes. Cell suspensions were used directly or were centrifuged 10 min at 8,000 ϫ g and resuspended at desired densities and media as described in each experiment. Engorged female I. scapularis collected near Stillwater, OK were held during oviposition and larval emergence in polypropylene tubes with perforated caps in jars over saturated potassium sulfate (relative humidity: 98%) at room temperature in a 16:8 light:dark cycle. Larvae were used within 6 mo of emergence.
To immerse I. scapularis larvae in spirochete suspension, ticks were cooled to 4ЊC and transferred with a small brush to 1.5 ml screw cap microcentrifuge tubes (Sarstedt, Newton, NC) and warmed to room temperature. A 0.5 ml volume of B. burgdorferi culture suspension was added to the ticks, tubes were gently vortexed to suspend larvae in the medium, and incubated at 32ЊC for times speciÞed (Tables 1 and 2 ). Tubes were vortexed every 10 min during incubation to redistribute ticks in solution. After incubation at 32ЊC, tubes were chilled on ice and centrifuged at 200 ϫ g for 30 s. Supernatant medium was removed and ticks were washed twice with phosphate-buffered saline (PBS) at 4ЊC. To determine numbers of B. burgdorferi internalized during suspension, larvae were then washed once in 3% H 2 O 2 , once in 70% ethanol, and once in distilled water. Larvae were wicked free of excess moisture by adding several 1.5Ð2 cm long, tapered strips of Whatman #1 Þlter paper (Whatman, Maidstone, England) to the tubes and vortexing to disperse the larvae. The tubes were held on ice and larvae dissected for immunoßuorescence assay (IFA). IFA was performed by dissecting and dispersing tick midguts in 20 l PBS in the wells of Teßon-printed microscope slides (Precision Lab Products, Middleton, WI), which were then air-dried, Þxed in 1:1 acetone: methanol for 20 min, and reacted with hyperimmune rabbit serum to B. burgdorferi, followed by ßuorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD) as previously described (Burgdorfer and Schwan 1991) . Preparations were covered with Vectastain (Vector Laboratories, Burlingame, CA) and coverslips, and viewed with a Nikon Eclipse E800 epißuoresence microscope (Nikon USA, Melville, NY). Larvae that had been immersed in spirochete suspension were recovered for engorgement on mice by washing twice with PBS and drying with Þlter paper as above. Tube caps were perforated and tubes were placed at room temperature in incubation jars until ticks were fed on mice (designated as holding time, Table 2 ). Larvae were allowed to feed on P. leucopus and were collected daily. Engorged larvae were held in incubation jars until IFA at 1 wk postengorgement; some larvae were held until they molted for subsequent feeding as nymphs. Mouse sera were collected 3 wk after exposure to ticks and tested by IFA for seroconversion as previously described (Shih et al. 1995) , except that serum dilutions were carried to 1:480 and FITC-conjugated goat anti-P. leucopus IgG (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD) at 1:50 dilution was used as secondary antibody. Sera reactive at 1:480 dilution were considered positive.
To verify mouse infection by xenodiagnosis, uninfected I. scapularis larvae were applied 3Ð 4 wk after exposure of mice to experimental ticks, and collected as above. Bladders were removed from some euthanized mice to test for culturable B. burgdorferi (Schwan et al. 1988a) . Transstadial transmission of strain B31 in ticks was tested by feeding molted nymphs on tick-naive mice; engorged ticks and exposed mice were tested for B. burgdorferi as for the primary round of infection.
Preliminary to tests of tick-to-mouse transmission of spirochetes, we needed to determine if larval I. scapularis could internalize B. burgdorferi by immersion in a culture suspension. The B. burgdorferi growth medium seemed an appropriate immersion medium to maintain spirochete viability; 32ЊC seemed an appropriate temperature for maintenance of spirochete motility, and possibly a stimulant for tick feeding behavior. We tested for the presence of spirochetes in larvae directly after short periods of immersion in B. burgdorferi suspension to see if larvae could internalize spirochetes, and to determine the number of spirochetes associated with the dissected tissues. Twenty larvae from groups immersed 15 min and 45 min in strain B31 P2 at 1 ϫ 10 8 cells per ml BSK-H, and 10 larvae from a control group incubated 45 min in BSK-H alone, were extensively washed, midguts were dissected free of cuticle and examined by IFA. FortyÞve percent of ticks immersed in B31 for 15 min contained more than Þve spirochetes (Table 1) . After 45-min immersion in B31, 65% of the ticks contained spirochetes. None of the 10 control larvae incubated in BSK-H contained spirochetes. The average 15 and 45 min burdens, respectively, were 25.0 and 83.4 spirochetes. The larvae began to take up spirochetes within 15 min of immersion, but the average intake was greater at 45 min (P ϭ 0.02). Therefore, a majority of the population was inoculated after an immersion time of 45 min at this spirochete density.
We asked if larvae exposed to B. burgdorferi in this manner were capable of engorging on mice and maintaining infection postengorgement. A variety of culture media, cell densities, immersion times and postexposure holding times were tested in these trials, but availability of larvae imposed practical limitations on analysis of each of these variables. In the Þrst test, a group of 50 Ð100 larvae was immersed in a P1 culture of strain B31 in BSK-H medium for 2 h. These ticks were held for 18 h before feeding, and yielded 10 engorged larvae: eight of these were positive for B. burgdorferi by IFA (Table 2, expt. i). A representative Þeld from an IFA-positive midgut of this group is shown in Fig. 1 . The number of spirochetes in infected ticks 1 wk after engorgement ranged from several hundred to several thousand. We repeated the larval immersion with B31 P1 suspended in BSK II-RPF or BSK II medium. Larger numbers of ticks were immersed, and immersion time was extended to 2.5 h. After feeding the incubated larvae on P. leucopus, four larvae from each group were tested by IFA for spirochetes: infected larvae were detected in both groups (Table 2, expt. ii). We then asked if high passage B31 (HP), which has lost infectivity in mice, could survive in larval I. scapularis under conditions sufÞcient for low passage B31 survival. In the same experiment, we asked if a shorter immersion period, 45 min, would result in a similar frequency of B. burgdorferi infection after the blood meal. Larvae were therefore immersed in B31 P2 and B31 HP cultures for 45 min and 2.5 h, allowed to recover for 2 d and applied to mice. The IFA on Þve larvae from each group showed B. burgdorferi in all Þve of the tested larvae immersed in B31 P2 for 45 min and in four of Þve larvae exposed for 2.5 h, but none of the tested larvae immersed in B31 HP (Table 2, expt. iii). The engorgment efÞciency of larvae exposed to immersion can be estimated as ranging from Ϸ10% to 50% (number engorged larvae versus number immersed larvae, Table 2 ). In comparison to published data on untreated I. scapularis larvae feeding on P. leucopus, in which efÞciency varied from 46% to 89% (Levin et al. 1997) , the present values suggest a potential inhibitory effect of immersion on the subsequent feeding behavior of larval ticks. Thus, larvae immersed in low passage strain B31 suspensions for 45 min to 2.5 h, and held for 18 h to 3 d before feeding on mice, showed spirochetes in their midguts at 1 wk postengorgement.
I. scapularis larvae infected by this immersion method may have transmitted B. burgdorferi to the mice on which they engorged. The P. leucopus used for the feedings were therefore tested for signs of B. burgdorferi infection by serology, xenodiagnosis, and culture of spirochetes from bladder (Table 2) . Of the Þve mice fed upon by larvae immersed in strain B31 P1 or P2, all showed seroconversion; the two mice exposed to larvae immersed in strain B31 HP showed no seroconversion. Four of the Þve seropositive mice were tested by xenodiagnosis, which showed one of the four was capable of transmission to ticks. Four of the Þve seropositive mice were subsequently tested for culturable spirochetes from the bladder. Two of the four were found to be infected by this criteria. In summary, three of Þve seropositive mice demonstrated spirochetal infections. Therefore, larvae were capable of transmitting B. burgdorferi to P. leucopus after immersion in a low passage spirochete suspension.
Finally, we wanted to follow a fraction of the immersed, engorged larvae through the molting process to see if they maintained the B. burgdorferi infection transstadially, and if they could transmit the infection to naive mice. A portion of the larvae that successfully engorged after immersion in low passage strain B31 were allowed to molt to nymphs, fed on P. leucopus, and tested by IFA for the presence of B. burgdorferi infection. Four groups of nymphs (expts. ii and iii, Table 2 ) were analyzed in this way. All four groups contained at least one nymph that was positive by IFA. Sera from three of the four exposed mice were tested and found to be positive for B. burgdorferi reactivity. When tested by xenodiagnosis, two of the three mice were capable of transmitting B. burgdorferi to ticks.
Thus, infection by immersion at the larval stage can result in transmission of B. burgdorferi to vertebrate hosts by both larval and nymphal stage I. scapularis.
In this study, various B. burgdorferi culture media provided adequate environments for the acquisition of spirochetes by Ixodes larvae. Ticks appear to initiate feeding behavior upon recognition of several different stimuli, including elevated temperature and carbon dioxide level (Voigt et al. 1993) , tick pheromones (Rechav et al. 1997 , Sonenshine et al. 2000 , and animal skin components (Waladde et al. 1991 , Carroll et al. 1996 . Pilocarpine and certain other drugs that stimulate the neuromusculature controlling salivation (Tatchell 1967 ) may enhance pharyngeal movement, resulting in ingestion of ßuid, but may also affect larval ability to attach and feed on the vertebrate host. Ixodid ticks can imbibe water from the atmosphere via the mouthparts to maintain body moisture, and use this mechanism to rehydrate after exposure to low relative humidity Devine 1972, Rudolph and Knü lle 1974) . Thus, partial dessication of I. scapularis larvae by equilibration to a low relative humidity before immersion, may provide a simple method to enhance the uptake of suspended spirochetes. Conversely, B. burgdorferi displays chemotactic responses to ixodid tick salivary components (Shih et al. 2002) , which may also affect the infection rate in aqueous media. It remains to be seen which factors can be adjusted to optimize larval inoculation rate and larval survival before engorgement on a vertebrate host.
Reliable transmission of B. burgdorferi strain B31 to P. leucopus mice with larvae infected by immersion required 100 Ð150 larvae, since a group of this size resulted in Ͼ25 engorged larvae, the majority of which were infected (Table 2) . Seroconversion, xenodiag- nosis and reisolation from bladder tissue were all used to assess initial transmission from immersed larvae to the mouse host. Seroconversion indicated there was exposure to B. burgdorferi antigen only when larvae were immersed in low passage strain B31, an indication that larval ticks transmitted infectious bacteria and were not simply exposing mice to spirochetal antigen. Both xenodiagnosis and reisolation from mouse tissue conÞrmed active infections in three of Þve seropositive mice. Naturally infected P. leucopus are reported to transmit B. burgdorferi to I. scapularis larvae at very high efÞciency (Donahue et al. 1987) . It is possible that the two mice from which spirochetes were not recovered were only transiently infected, or that levels of spirochetemia in these otherwise healthy, laboratory-reared animals were below limits of detection.
Several studies show that co-feeding of infected and uninfected Ixodes ticks on a naive vertebrate host can result in transmission of B. burgdorferi to the uninfected cohort (Nakayama and Spielman 1989 , Gern and Rais 1996 , Ogden et al. 1997 , Patrican 1997 , Piesman and Happ 2001 . We cannot exclude the contribution of other routes to spirochete transmission to the mouse host and the postengorgement population of spirochetes observed in tick midguts. However, the data in Table 1 clearly show that a majority of larvae contain spirochetes directly after 45-min immersion in a suspension of B. burgdorferi. A portion of this population must be involved in the observed transmission to mice, and could be responsible for disseminating the spirochete to a larger percentage of the larval population after blood meal engorgement.
The present work shows that large numbers of I. scapularis larvae can be artiÞcially infected with B. burgdorferi and can transmit these spirochetes before the molt. Previous work suggested that I. scapularis larvae whose feeding on B. burgdorferi-infected animals was interrupted, were not competent to transmit the spirochete to a naive animal at the same stage (Piesman 1991) . However, larval I. persulcatus do appear competent to transmit B. burgdorferi when assayed in a similar manner (Nakao and Sato 1996) . Interrupted feeding on an infected vertebrate allows nymphal I. scapularis to transmit to a naive animal upon reattachment (Shih and Spielman 1993) . I. scapularis nymphs that have been infected via capillary feeding are also competent to transmit the infection to mice within the same life stage (Indest et al. 2001 , Broadwater et al. 2002 , Fingerle et al. 2002 . B. burgdorferi presumably encounters and overcomes similar molecular markers and barriers to migration in the larva as are encountered in the nymph.
Infection of larval I. scapularis with B. burgdorferi by immersion of ticks in culture suspension will provide a new method of examining the vector-pathogen interaction. B. burgdorferi clones mutated at deÞned genetic loci can be used to infect groups of larvae, which can be evaluated for spirochete survival in the tick vector before and after attachment to the vertebrate host, transmission to the vertebrate during the blood meal, and transstadial persistence in the tick vector.
